There is a need for a simple, rapid, reproducible and costeffective test for the detection of viable Mycobacterium leprae in tissue samples from leprosy patients. So far, the only established means to assess the viability of M. leprae has been its relative growth in the foot pads of conventional mice. [1] The mouse foot pad (MFP) test is technically difficult, takes several months to yield results and more importantly, uses a large number of animals, which are major ethical and financial concerns.
Mycobacteria are known to metabolize a variety of fatty acids. [2] Mycobacterium leprae in particular has been shown to rapidly oxidize palmitate to carbon dioxide. [3] This has been used effectively as a basis for the detection of viable Mycobacterium leprae and inhibition of such activity as an indicator of drug action in clinical samples. [4] [5] [6] [7] [8] [9] A study by Truman and Krahenbuhl [10] further showed that the substrate is used rapidly and reliable activity is detected with as few as 10 5 -10 6 Mycobacterium leprae cells. The current study therefore was aimed at assessing the use of a Buddemeyer type radiorespirometric assay based on 14 CO 2 evolution from 14 Clabeled palmitate by Mycobacterium leprae in an axenic culture as an index of viability. The results obtained were compared with the conventional MFP test serving as gold standard.
METHODS METHODS
The study was cleared by the institutional ethics committee. All the biopsies were done using local anesthesia with informed consent from the patients before recruitment. 2 ) were used as negative controls and b) serial tenfold dilutions in the range of 10 1 to 10 6 cells/ml were used as viable inocula.
Negative controls
Fifteen samples each of nonleprous human skin biopsies (NLS) and normal mouse foot pads (NMFP) were used as negative controls. A blank (DB containing 0.1 µCi/ml of 14 Clabeled palmitate) was used as an internal control in all the experiments.
Test samples
A total of 131 skin biopsy specimens freshly obtained from untreated cases of leprosy and classified according to the Ridley and Jopling scale [11] were divided into two groups as follows:
Group 1 consisted of 56 untreated, smear-positive, borderline lepromatous and lepromatous leprosy (BL-LL) cases.
Group 2 was comprised of 75 untreated, smear-negative, BT-BB cases including 68 Borderline tuberculoid (BT), three mid-borderline (BB) and four indeterminate cases.
In each case, approximately 0.15 g of the biopsy tissue was homogenized using a fixed weight to volume ratio of 0.1 g/ml. Bacterial load/g wt, bacteriological index (BI) and morphological index (MI) were determined using the standard protocol. [12] The homogenate thus obtained was used for both the MFP test and the Buddemeyer assay within 48 hours. No purification steps were applied to avoid loss of bacteria.
Radiorespirometric Buddemeyer assay
All skin biopsy homogenates obtained from leprosy cases and other negative / positive controls were processed for palmitate oxidation by the method described by Buddemeyer et al. [13] The readings of 14 CO 2 evolution were recorded at 24 h intervals for three weeks using a liquid scintillation counter (Wallac 1409 DSA). All the vials were checked for sterility in the end, using Nutrient broth, Sabouraud's broth and Loweinstein Jensen slants. If found contaminated, those results were not considered for the study.
Mouse foot pad inoculation and harvesting of M. leprae
The hind foot pads of a minimum of ten Swiss White (S/W) mice per sample were inoculated with 0.03 ml of appropriately diluted human biopsy tissue homogenates containing ≤ 1 x 10 4 M. leprae cells. All the mice were fed a standard mouse diet and exposed to a 12 h light-dark cycle in an air-conditioned room. Foot pads were harvested at 6, 7 and/or 8 and 12 months postinoculation using Shepherd's method. [1] Briefly, foot pads were disinfected, cut and collected in sterile cups containing sterile saline (0.5 ml/foot pad). This was then electrically homogenized and the bacterial counts were taken by Ziehl Neelsen Carbol Fuchsin (ZNCF) staining on a spot slide. A minimum of 200 microscopic fields / sample were covered for counting acid-fast bacilli (AFB). The lower limit of detectability by this method is 1 x 10 4 M. leprae per foot pad. A minimum of two counts per foot pad per interval was obtained at 6, 7 and 8 months. The remaining mice were harvested at the end of the 12 th month. Any foot pad count exceeding 1 x 10 5 was considered as a significant fold-increase, and hence, as a positive yield.
Statistical methods
The means of triplicate cpm readings of test samples assayed at the peak were compared with mean ± 2SE (standard error) value of NLS also assayed using the Buddemeyer (RR) assay. The statistical significance of the difference between the results of the Buddemeyer assay and the MFP test was determined using the Chi-square test. Overall sensitivity and specificity of the Buddemeyer assay system were determined using MFP results as a gold standard. The relationship, if any, between BI, MI and the quantum of CO 2 evolution was assessed using a linear correlation method. All these statistical tests were performed using the program InStat 3.06 (GraphPad ® , Inc.). P≤0.05 was considered to be statistically significant. The Kappa value was calculated to determine the agreement between the two methods.
RESULTS RESULTS

Bacteriological findings in the lesional biopsies in groups 1 and 2
All the cases in group-1 (BL-LL) were positive in the smears as well as in the biopsy homogenates with BI ranging between 1+ to 5+. In group-2 (BT-BB), all the cases were smearnegative, however six of these-two BB and four indeterminate cases scored positive in the homogenate with BI ranging between 1+ to 2+.
Determination of cut-off values and metabolic activity in the Buddemeyer assay
Viable cells metabolize 14 C-Palmitate to 14 CO 2; the initial lag phase is followed by a log phase (a steady increase and peak cpm output) followed by a plateau. The system measures the cumulative output of evolved 14 CO 2 and the viability is determined on the basis of the total cpm output at the peak interval.
It was noted that the average cpm values of NLS, NMFP and the blank were comparable. Since the test samples comprised of human skin biopsies, the NLS readings were used to determine the cut-off value. The average cpm value for NLS was 300.17 with SD of ± 175.09. Applying 2SE, any value above 390.1 cpm was considered as an indication of positive metabolic activity and the presence of viable M. leprae.
Findings with M. smegmatis and M. tuberculosis H37Rv
The HK, formalin-and rifampicin-treated cells of both M. smegmatis and M. tuberculosis H37Rv showed average cpm values that were comparable to those of NLS, NMFP and blank readings (i.e.,<390). In contrast, the viable M. smegmatis and M. tuberculosis H37Rv cells showed good metabolic activity. It was noted that the metabolic activity peaked by days 5-6 in case of higher cell densities (> 10 5 ), by days 7-8 for lower cell densities (10 2 and 10 3 ) and a plateau thereafter. In both cases, the serial dilution experiments revealed a significant cpm value for even 10 cells, indicating a good sensitivity.
Use of 0.1 and 0.05% of Tween-20 showed suppression in the metabolic activity indicating toxicity, while with 0.01%, the triplicate cpm readings with and without Tween-20 were comparable (results not shown). These results confirm the validity of our assay system.
Findings with leprosy lesional biopsies
The average peak cpm outputs observed in cases from the two groups are depicted in Figure 1 . It was noted that unlike M. tuberculosis H37Rv and M. smegmatis, M. leprae showed an extended lag phase of about seven days. In 80% of cases, the peak metabolic activity was observed between 11 and 14 days [ Figure 1 ]. This is in variance from the earlier findings in the RR assay wherein the peak was recorded at ~ day 7. [3, 6, 7] However, this earlier peak can be explained by the use of semipurified M. leprae in the earlier study obtained from tissues of armadillos and nude mice while the current study uses whole skin tissue homogenate. Table 1 ] Table 1 depicts the overall number and % of cases that were positive in the Buddemeyer assay (considering 390.1 cpm as the cut-off) and the corresponding MFP test results. Results of eight cases (6%) were not considered due to contamination and other technical problems.
Comparison of Buddemeyer and MFP test results [
Buddemeyer assay and MFP test results were comparable for both the groups. Notably, of the six cases that scored positive in homogenates among the smear-negative BT-BB cases, two (33%) were positive in the MFP test while four (66%) were positive in the Buddemeyer assay (data not shown). Of the remaining 67 cases that were both smear-negative and homogenatenegative (two cases were not considered due to contamination), 30 (45%) were positive in the MFP test while 37 (55%) were positive in the Buddemeyer assay (Data not shown).
The Buddemeyer assay proved to be more sensitive than MFP test in both these groups but the difference was not statistically significant. While it would be important to rule out false positivity in the case of the Buddemeyer assay, it is not unusual to find viable bacteria, albeit small in numbers, in BT cases as well as in treated cases of leprosy. Findings ) .
indicate that the more sensitive the detection system, the better is the outcome. [14] [15] [16] [17] [18] [19] [20] Relationship of BI and MI with CO 2 evolution in the untreated BL-LL group of cases
The BI and MI are relatively simple to record, the latter being commonly used as an indicator of viability. Slit skin smear status was recorded from five different sites for all the patients. All the BT cases were smear-negative; while in BL-LL cases, the average BI varied between 1+ to 5+. The BI and MI determined from the homogenate for each biopsy specimen were correlated with cpm output to observe the relationship.
Although a trend of increase in CO 2 evolution with increase in BI was noted, it was not statistically significant (r = 0.2159, P = 0.1067) [ Figure 2A ]. The morphological indices (MI) of the specimens between 0-15% also did not exhibit absolute linear correlation (r = 0.2424, P = 0.0517) with CO 2 evolution [ Figure 2B ]. Similar discordance was observed by others using different in vitro methods. [21] [22] [23] [24] Specificity and sensitivity of the Buddemeyer assay
The Buddemeyer assay results of two groups of cases were compared with MFP test results. Sensitivity and specificity of 75 and 74.2% respectively were observed for the MFP. Considering overall results, one to one concordance of 74.79% was observed between the two tests [ Table 2 ]. A Kappa value of 0.459 also indicated a fairly good agreement between both the methods.
DISCUSSION DISCUSSION
The Buddemeyer assay has shown good potential to be considered as a rapid index of viability in clinical samples. It is easy to perform with commercially available ingredients. Further, we also noted that there is no host tissue interference or modulation by the host immune system as is the case with the MFP test. Franzblau [4] found the Buddemeyer assay to be more sensitive and cost-effective as compared to Bactec. In our study, the Buddemeyer assay was found to be more sensitive than the MFP test. However, it can be argued that the samples observed to be positive may not necessarily be Agrawal VP, et al.: Buddemeyer radiorespirometric assay for M. leprae true positives, especially in BT cases. This assay system can be validated further using a more sensitive technique, e.g, targeting the 16S rRNA.
As cautioned by Truman et al., [10] the relative amount of 14 CO 2 derived from the palmitate in the axenic cultures is influenced by the saturation of the label, any competing carbon source, temperature, pH of the medium and the atmosphere of the culture chamber. Thus, the use of palmitate oxidation as ) .
an index of M. leprae viability requires standardization and validation of test results in any set-up. Moreover, utility; if any, in day-to-day patient care has not been investigated so far.
In clinical practice, it may not be of an additional benefit to perform this test with known positive specimens. On the other hand, the results clearly show that the RR assay will be more useful for detecting small numbers of viable cells, i.e., in smear-negative (tuberculoid) cases, in detecting persistent bacilli and in testing the efficacy of treatment.
Its inapplicability at the field level due to the requirement of a liquid scintillation counter and also usage and disposal of radioactive material are its limitations. Furthermore, it has to be borne in mind that any storage or temperature conditions that can affect the viability of M. leprae could hamper the test results, as is the case with MFP.
